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The Cooling of Rotary Clinker.—I. 


By W. GILBERT, Wh.Sc., M.Inst.C.E. 


(1) In these articles a description will be given of a series of experiments 
made by the writer in order to determine the rate of cooling of highly-heated 
lumps of rotary clinker, of the various sizes met with in practice, when fully 
exposed to air currents of selected velocities. Previous to cooling the graded 
lumps were heated in a gas-fired muffle furnace, the larger sizes to 2,000 deg. F. 
and the smaller sizes to 1,000 deg. F. At 2,000 deg. F. the lumps were slightly 
sticky, and the smaller sizes could not be conveniently manipulated at this tem- 
perature. 

Separation of the Clinker into Grades. 

(2) Since the loss of heat during cooling, per- square foot of lump surface, at 
any given air velocity increases rapidly as the lump diameter diminishes, it was 
found necessary to divide the material into a series of grades. Two representa- 
tive samples were obtained from rotary kiln plants, and Table I gives the result 
of the sieve tests made upon them. 


TABLE I. 
SIEVE TESTS ON TWO SAMPLES OF CLINKER FROM ROTARY KILNS. 





Grade Retained Passing | Per cent. by weight. 
No. on sieve sieve eH 
(in.) (in.) 
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The dimensions given in cols. (2) and (3) relate to the apertures of the sieve- 
which were square. 
Description of Apparatus Used. 


(3) MUFFLE FuRNACE.—The furnace was obtained from Fletcher Russell 
and Co., Ltd. The inside dimensions of the muffle were 64 in. long, 4in. wide, 
and 3in. high at the centre. The temperature at the centre of the muffle was 
measured by a thermo-couple of Titan alloy wires fitted in an open-ended steel 
sheath and protected by a silica tube. Readings were taken on a portable indicator 
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Fig. 1. 


supplied by the Cambridge Instrument Co., Ltd. A steady temperature of 2,000 
deg. F. could be easily maintained, but in order to obtain a uniform temperature 
of 1,000 deg. F. various modifications were required to the gas burner and to the 
muffle. 

(4) AIR-MEASURING Box AND COOLING GriID.—The apparatus is shown in 
Figs. 1 and 2. Air at about }-in. water gauge was supplied by a small blast 
fan which discharged at (A) on Fig. 1 into an air-measuring box (B) which was 
10 in. square inside. A wood partition carrying the orifice plates for air-quantity 
measurement was placed across the centre of the box. The air was subsequently 
delivered through a vertical channel (C) 3 in. square inside, to the cooling grid 
(D) on which the clinker lumps taken from the muffle furnace were placed. The 
cooling grid (see Fig. 2) was also 3 in. square inside, the bottom being formed of 
fine wires offering little obstruction to the air stream. 
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TABLE II. 
AIR VELOCITIES USED. 


Orifice Pressure Velocity in Delivery in out- 
plates. difference outlet (C). let (C). Lb. per 
Diameter used. Inches Ft. per min. hour per sq. ft. 
in inches. of water. at 60 deg. F. of cross section. 


ee (2) (3) (4) 


1.000 0.50 153 700 
1.875 0.50 537 2460 
3.387 0.27 1287 5890 


The grid frame (D) was provided with a handle so that it could, when desired, 
be quickly lifted away from the outlet (C) of the air-measuring box, and the 
clinker lumps tipped to a water calorimeter. Their average temperature at any 
stage of the cooling process was thus obtained. Wire screens of + in. square 
mesh were placed across the air way at (E), (F), (G), and (H) in order to promote 
a uniform velocity of flow. 

One of the air-measuring plates is shown at (J) ; it is } in. thick and provided 
with a sharp-edged circular orifice. A U-tube water-gauge was used to measure 
the pressure difference due to the orifice, as shown in Fig. 1. 

(5) Three orifice plates were used throughout the experiments. The orifice 
diameters are shown in col. (1) of Table II, and the pressure difference associated 
with each plate is shown in col. (2). The corresponding air velocities, reckoned 
at 60 deg. F., which were produced in the outlet trunk C are shown in col. (3). 
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Col. (4) shows the air delivery in the outlet trunk when expressed in pounds 
per hour per square foot of cross section. The discharge through each orifice 
plate was calculated with a coefficient of contraction of 0.625. 

(6) WATER CALORIMETER.—The average temperature of the clinker lumps, 
after any cooling period on the grid, was measured by the water calorimeter 
shown in Figs. 3 and 4.. The inner vessel (K) is of copper, and adapted to hold 
500 cc. of water. It was enclosed in a wooden box (L), the inside surfaces of which 
were lined with bright tin plates. : 

The clinker was dropped in through a hole in the lid, which was closed by a 
wood plug (M). A wire-mesh stirrer (N), see also Fig. 4, was arranged to lift 
the clinker lumps up and down through the water by means of the handle (0). 
The stirrer was cut away to clear the thermometer (P). The latter, which 
measured the water temperature, was graduated to } deg. F. The thermometer 
was further protected by a wire mesh pocket (Q) fixed to the lid (R). The latter 
could be lifted and the copper vessel taken out when it was desired to empty it. 
The water equivalent of the copper vessel, together with the brass stirrer, thermo- 
meter, and pocket was 25 cc. 


Clinker Grades Used for Experimental Purposes. 

(7) It was not found necessary to test for cooling all the grades enumerated 
in Table I, but in order to widen the scope of the enquiry some larger lumps of 
clinker were obtained. It was found later that they could be used to determine 
the conductivity of the material by means of heating curves. Particulars of the 


grades tested are shown in Table III. All the lumps were approximately spherical. 


TABLE III. 
PARTICULARS OF GRADES TESTED. 





Lump Surface Number of Number of 
diameter of lump lumps per lumps 
in in sq. Ib. of placed on Remarks 
inches ft. per Ib. clinker cooling grid 
(1) (3) (4) ( (6) 
47-6 gr. 0.3568 9.52 Heating 
23.0 gr. 1.04 0.4494 19.45 curves 
11.0 gr. 0.80 0.5842 41.50 





44 gr. 1.28 0.3652 10.35 Cooling 
23 gr. 1.03 0.4538 19.56 curves 
III 0.60 0.7789 101.50 
V 0.34 1.3759 562 
VI 0.21 2.2260 2458 
VII 0.15 3.1160 6250 














In order to show clearly the sizes of clinker in the various grades used for 
cooling, a lump of each grade is drawn full size in Fig. 5. 
Method of Obtaining Cooling Curves. 
(8) As an example, the method of obtaining a cooling curve for grade III 
clinker is first described. The air velocity used was 1,287 ft. per minute (see 
Table II). The largest orifice plate was put into the air-measuring box, and the 
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fan damper adjusted to give a pressure drop of 0.27 in. of water across the plate. 
Five lumps of clinker, which had been previously dried and weighed, were placed 
in a crucible which was put inside the muffle furnace close to the pyrometer end. 
When it was clear (from previous experiments). that the lumps were uniformly 
heated to 2,000 deg. F. they were‘ poured from the crucible on to the cooling grid 
as quickly as possible. After a cooling period of half a minute the lumps were 
quickly tipped through a tin funnel into the water calorimeter. In this instance 
the average lump temperature, as estimated from the temperature rise of the water 
in the calorimeter, was found to be 1,025 deg. F. A second experiment gave an 
average lump temperature of 1,035 deg. F. The temperatures were calculated 
to a clinker specific heat of 0.24. 

Further experiments were made with cooling periods of 1, 2, 3, and 4 minutes 
respectively. A fair curve was then drawn through the experimental points, as 
shown at BAC on Fig. 6; the lower end of the curve is omitted. The starting 
point B of the curve, at 1,950 deg. F., was obtained by transferring the heated 
lumps directly from the furnace to the calorimeter. 


23 GRAM 
Fig. 5. 


(9) COOLING CURVE, GRADE VI CLINKER.—Since in this case the lump dia- 
meter was small, one hundred lumps of the clinker, previously dried and weighed, 
were placed in a metal tray in the muffle furnace and heated to 1,000 deg. F. 
Owing to the rapid cooling on the grid only two cooling periods were used ; these 
were of 15 and 30 seconds. The cooling curve obtained is shown by the line 
LMN on Fig. 7. The rapid increase in the rate of cooling, as the diameter of the 
lump decreases, will be seen by comparing Figs. 6 and 7. 

The method of experimenting used was not adapted to deal with clinker 
smaller than grade VII, but the formula finally obtained would probably apply 
to grades VIII and IX also (see Table I). 


Summary of Cooling Curves. 


(10) When tabulating the experimental results the initial air temperature is 
taken at 60 deg. F., and the time required to cool the clinker through 95 per cent. 
of the total range available is given. For instance, the grade III clinker in Fig. 6 
has a cooling range from 1,950 to 60 deg. F., or 1,890 deg. F. ; 5 per cent. of this 
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is 94.5, So that the terminal temperature used for comparative purposes is 94.5 + 
ho, or 154.5 deg. F. (see point C on Fig. 6). Similarly in Fig. 7 the total cooling 
range is from 950 to 60 deg. F., or 890 deg. F. ; 5 per cent. of this is 44.5, hence 
the terminal temperature used for comparative purposes is 60 + 44.5 or 104.5 deg. 
F. (see point N on Fig. 7). A summary of all the cooling curves obtained is given 


in Table IV. 
TABLE IV. 


SUMMARY OF COOLING CURVES. 








Weight of Initial Terminal Time 


clinker 


Air velocity 


Lump 
| diameter 


| through grid 
in ft. per 

| * 

| min. at 60 

dee F: 


air passing 
through 
grid per sq. 


| ft. per hour 


tempera- 
ture at 


tempera- 
ture when 
cooling 


95 per cent. 


required 
to cool 
95 per 
cent. 


grid (deg. 
F.) 


(Ib.) (deg. F.) (minutes) 


(3) (4) (6) (7) 
1,287 5,890 153 7-75 
537 2,460 a 10.60 
153 | 790 ” 15-45 
1,287 5,890 154-5 5-70 
537 2,460 ; i 8.15 
153 700 ” 10.75 
1,287 5,890 154-5 2.72 
537 2,460 3.58 
153 700 ” + 4.87 
1,287 5,890 105 1.11 
537 2,400 1.53 
153 700 2.21 
1,287 5,890 0.43 
537 2,460 0.68 
153 700 1.15 
1,287 5,890 0.284 
537 2,460 0.475 
153 700 0.859 




















(11) The table shows, in col. (7), the time required to cool all the grades tested 
through 95 per cent. of the full temperature range available when the lumps of 
each grade were fully exposed to the three different air velocities given in col. (3), 
or to the three values of W given in Col. (4). The initial temperature in each 
instance is given in col. (5), and the terminal temperature in col. (6). 

(12) The information contained in this table summarises the main results 
of the cooling experiments. It remains to deduce in each instance the unit rate 
of heat transfer H,, that is, the heat removed by convection expressed in B.T.U. 
per square foot of lump surface per hour per deg. F. temperature difference, air 
and clinker: About 10 per cent. of the cooling is done by radiation, mainly in 
the early stages, and this must be allowed for. Values of H, being obtained, 
they can be used to solve cooling problems in practice where the conditions are 
quite different from those under which these experiments were made. 

(13) Lump SURFACE TEMPERATURE.—As stated in para. (8) the curve BAC 
in Fig. 6 shows the average temperature of the grade III clinker after various 
periods of cooling on the grid. Owing to the rather low conductivity of clinker 
the surface temperature of each lump falls much more quickly than the average 
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temperature. The surface temperature curve, which was obtained by a process 
to be described later, is shown at BDK. 

The line EJH on the graph denotes the mean cooling air temperature, which 
is 67 deg. F. at E and 60.5 deg. F.at H. The small temperature rise above 60 deg. 
F. is due to heat absorbed from the clinker. It is here assumed that all the air 
passing through the grid is uniformly heated by the clinker. Consider any ordinate 
such as JDA, the temperature difference available for cooling is JD and not JA. 
It is evident therefore that a surface temperature curve must be drawn under 
each average temperature curve before values of H, can be obtained. 

The upper curve BAC shows at any instant the rate at which heat is being 
removed from the clinker lumps, and the lower curve BDK shows the temperature 
difference available for the purpose. 

(14) A surface temperature curve LOP has also been drawn on the graph in 
Fig. 7 which represents the cooling of grade VI clinker. The mean temperature 
of the air in contact with the clinker is shown by the line ORS. At Q it is now 
80 deg. F., the increase as compared with grade VI being due to the more rapid 
absorption of heat by the air as the lump diameter decreases. 


LIST OF SYMBOLS. 


(15) W weight of air in lb. per hour per square foot of cross section. 
V air velocity in feet per minute at 60 deg. F. 
H. = rate of heat transfer by convection (or contact of air) expressed in B.T.U. per 
square foot per hour per deg. F. temperature difference. 


(To be continued.) 


Refractory Bricks. 


A draft Order-in-Council was laid before Parliament on June 17 amending 
the Merchandise Marks (Imported Goods) No. 4 Order, 1930, so as to provide 
an alternative method of marking for imported refractory bricks, blocks, and tiles 
cast from molten material. The order is published, and copies may be purchased 
from H.M. Stationery Office. 


PATENT. 


For List of Up-to-date 


The Proprietors of British Patents No. 

406,349, entitled ‘“AN IMPROVED 

PROCESS FOR MAKING PLATES OF 

B k BITUMINOUS MATERIAL FOR COAT- 
OOKS ING THE INNER WALLS OF CON- 
TAINERS, MORE PARTICULARLY 

CONCRETE VESSELS,” and No. 406,069 

on entitled, “AN IMPROVED PROCESS 

FOR COVERING RIGID WALLS WITH 

FACING PLATES MADE OF RESIST- 

Concrete ANT HARD MATERIAL” desire to 
arrange for the commercial working of 

these patents by sale outright or by licences 

granted on participating and reasonable 

Send a postcard to terms. Particulars obtainable from 
CONCRETE PUBLICATIONS LTD., TECHNICAL RECORDS LIMITED, 


20 Dartmouth Street, London, S.W.1. oe. Lincoln’s Inn Fields, London, 
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Some Chemical Reactions and Compounds of Lime. 
By N. V. S. KNIBBS, D.Sc. 


Introduction. 


In spite of their apparent simplicity and economic importance, some of the 
fundamental reactions of lime are incompletely understood or have been 
elucidated only recently and are still widely misapprehended. For example, the 
dissociation of calcium carbonate is the classical example of a solid dissociating 
into a solid and gas, and it has been much investigated, but the rate of dis- 
sociation and the factors controlling it are still uncertain. Still less is known 
about the reverse reaction of combination of carbon dioxide and lime, and very 
little of the combination of carbon dioxide and magnesia. The nature of the 
reaction of sulphur dioxide and lime has also been misunderstood, and even so 
apparently simple a compound as that of lime and water has been the subject 
of much experiment. It is therefore useful to summarise the information 
available on these matters. 


Reaction of Carbon Dioxide and Lime. 


The “air slaking ” of lime is still sometimes spoken of as the simultaneous 
carbonation and hydration of lime, although fourteen years ago? it was shown 
that there is very little absorption of carbon dioxide until hydration is complete. 
Carbon dioxide when dry does not combine with lime at ordinary temperatures, 
but a limited amount is taken up and presumably adsorbed because it has been 
reported’ that the gas dried over phosphorus pentoxide is absorbed in the cold. 
This adsorption is probably a similar phenomenon to that mentioned by 
Bretsznajder,* who found that carbon dioxide was absorbed by lime at pressures 
much below equilibrium pressure. He assumed that the gas is adsorbed to 
active surfaces of the crystals. The action of carbon dioxide on lime was 
examined long ago by Birnbaum and Mahu' who observed no reaction up to the 
melting point of lead (326 deg. C.), and a.more exact investigation was made by 
Veley® who passed the gas, after drying over phosphorus pentoxide, through lime 
at different temperatures. In each experiment there was a slight absorption 
(less than 0.5 per cent.) by the fresh oxide, but after that no appreciable absorption 
at temperatures up to about 290 deg. C., when very slight reaction was observed. 
At 352 deg. C. absorption was still slow, but at 415 deg. C. half the gas was 
absorbed. .A limited amount of water (3 per cent.) combined with the lime 
did not render it absorbent at ordinary temperatures. The author has investi- 
gated the same reaction and found that absorption was appreciable at 350 deg. C. 


1 See ‘“‘ Cement and Lime Manufacture,” 1937, Jan. p. 8, and Feb. pp. 49-51 for the 
available data. 

* Rhodes, Jones and Dougan, Chem. Met. Eng., 28, 1066 (1923). 

3 Sossman, Hostetter and Merwin, J. Wash. Acad. Sc., 5, 563 (1915). 

* Roczniki Chem., 12, 551 (1932). 

5 Berichte, 12, 1547 (1879). 

6 J. Chem. Soc., 63, 821 (1893). 
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and that it increased rapidly with rise of temperature, becoming very rapid above 
600 deg. C. The rate of reaction and the completeness of the reaction varies 
with the lime, and the recarbonation of ordinary lime made from compact 
calcite, even when ground, is never complete. The extent of recarbonation 
depends on the grinding, and a perfect crystal of calcite burnt to lime recarbonates 
on the outside only. Lime made from the dehydration of hydrated lime could 
be recarbonated almost, but not quite, completely. 

The incompleteness of the recarbonation of ordinary lime, even after prolonged 
contact of the reactants, is one reason for the belief that there is a basic or 
sub-carbonate of calcium of the formula CaO.CaCO, and a corresponding hydroxy- 
carbonate, a belief held for at least one hundred years.” The vapour-pressure 
data for calcium carbonate show that there are no basic carbonates above about 
600 deg. C. and therefore that basic carbonate cannot be formed by the partial 
calcination of the carbonate, as has been asserted ; and the author found that on 
passing carbon dioxide over lime at temperatures between 400 and 700 deg. C. 
there was no tendency for carbonation to halt at the composition CaO.CaCO, 
or any other fixed point. Attempts to precipitate a basic carbonate failed to 
produce anything but the normal carbonate, a result that agrees with a whole 
mass of negative evidence. Finally, X-ray examination has failed to find 
evidence of the existence of any basic carbonate. 

The reason for the incomplete reaction between carbon dioxide and lime 
appears to be simply that on recarbonation the lime resumes the relatively 
non-porous nature of the original carbonate. Indeed, because in burning it 
generally shrinks to some extent, the carbonate formed is denser and less porous 
than the original stone and consequently when the outside layer is recarbonated 
the penetration of the gas is very slow. The extent of recarbonation depends 
on the fineness of the lime and on the porosity of the original stone, and this 
explanation receives support from the recarbonation of magnesian lime. 

When dolomitic or magnesian lime is subjected to the action of carbon dioxide 
at, say, 500 deg. C. or over the calcium oxide in it is completely recarbonated and 
the magnesia remains unchanged. The pieces of lime remain porous because 
of the unchanged magnesia and consequently the gas is free to reach all the 
lime molecules. The dissociation pressure of magnesium carbonate is equal to 
one atmosphere® at 402 deg. C. and consequently, to recarbonate the magnesia, 
it would be necessary to operate at below 400 deg. C. at which temperature 
the rate of reaction is excessively slow and equilibrium is not reached in any 
ordinary experiment. 


The Nature of Magnesian Lime. 


What are dolomite and magnesian limestone, and what are the corresponding 
limes ? Dolomite is generally considered to be a compound, and this is confirmed 
by X-ray examination,® but does it split up into the two carbonates on heating 


7 For example see Fuchs, Pogg. Ann., 27, 601 (1833) and Donath, Chem. Ziég., 52, 
885 (1928). 

® Marc and Simek, Z. anorg. Chem., 82, 17 (1913). 

* Wyckoff and Merwin, Amer. J. Sc., V, 8, 447 (1924). 
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and before dissociation ? Mitchell,!° Garnett,! and others have concluded that 
the dolomite molecule dissociates as a whole, and Mitchell obtained a pressure- 
temperature equilibrium curve lying between that of calcite and that of magnesite 
which, if it could be relied upon, would prove conclusively not only that dolomite 
.dissociates as a whole but also that the oxides formed are in combination or 
solid solution, because if they formed two phases they could not coexist at a 
carbon dioxide pressure greater than that of calcium carbonate. If the oxides 
form two phases the dolomite molecule might dissociate as a whole, but the 
calcium oxide formed would immediately recombine with the carbon dioxide 
liberated and the equilibria would be the same as if the dolomite were a mixture. 
The author heated two different samples of dolomite to 800 deg. C. in an 
atmosphere of carbon dioxide and found that the loss of weight corresponded 
with the magnesium carbonate content and that the calcined products contained 
less than 0.1 per cent. of calcium oxide as determined by solution in sucrose 
solution. On calcining at 1,000 deg. C. followed by heating in carbon dioxide 
at 700 deg. C., the final result was the same. Other investigators'* have obtained 
results agreeing with this, and it has also been shown?® that the fused oxides do 
not form compounds or solid solutions. Finally, Backstrém! has shown that 
Mitchell’s curves cannot possibly represent the true dissociation pressures. The 
weight of evidence is so heavily against the existence of a compound or solid 
solution of the oxides in magnesian lime that it: would scarcely have been worth 
while citing it at such length were it not for the fact that magnesian lime, in 
some of its reactions, does not behave like a mixture. It is well known that a 
magnesian lime is readily overburnt so that its rate of hydration is reduced, 
and to be usable for building purposes it must be calcined at a lower temperature 
than a high-calcium lime of equal purity. A mechanical mixture of calcite and 
magnesite when calcined does not behave in the same way ; the rate of hydration 
of the calcium oxide formed is the same as if the magnesia were not present. 
The reason for the lower reactivity of the calcium oxide in a magnesian lime has 
not been elucidated. 


The Reaction of Sulphur Dioxide and Lime. 


At low temperatures sulphur dioxide behaves in much the same way as 
carbon dioxide. Birnbaum and Wittich'® observed no combination below 
400 deg. C. but rapid absorption at 415 deg. C., whilst Veley® found absorption 
to be appreciable even at 300 deg. C. The author found sulphur dioxide to act 
like carbon dioxide, but to be more rapidly absorbed than the latter at 
the lower temperatures, for example, around 400 deg. C. It has been 
shown that at temperatures up to about 550 deg. C. calcium sulphite is 


10 J. Chem. Soc., 123, 1055 (1923). 

11 Mineralog. Mag., 20, 54 (1923) and 21, 21 (1926). 

18 E.g., Kallauner, Chem. Zig., 37, 1317 (1913); Scherer, Der Magnesit, 1908 ; Friedrich 
and Garrett Smith, Centr. Min., 1912, 684; Griinberg, Z. anorg. Chem., 80, 337 (1913) ; Shaw 
and Bole, J. Am. Ceram. Soc., 5, 311, 817 (1922). 

13 Rankin and Merwin, J]. Am. Chem. Soc., 38, 568 (1916). 

14 Backstrém, J. Chem. Soc., 125, 430 (1924). 

18 Berichte, 13, 651 (1880). 
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formed, but at higher temperatures the reaction 4CaSO, = 3CaSO, + CaS 
also occurs, so that calcium sulphide, sulphite, and sulphate are al! 
formed. As the temperature rises the rate of change of sulphite increases 
until ultimately it has only a fleeting existence and the reaction, in effect, 
becomes 4CaO + 4SO, = 3CaSO, + CaS (+ 239 Cals.). A further reaction, 
CaS + 2SO, = CaSO, + S, (+ 59 Cals.), becomes of importance at tem- 
peratures over 1,000 deg. C. and further complicates the system. It is 
therefore evident that there are no simple equilibrium conditions between 
sulphur dioxide and lime corresponding to those between carbon dioxide and lime 
except, perhaps, at low temperatures and pressures. The complicated equilibrium 
conditions at high temperatures have, however, been much studied in recent 
years, in connection with the problem of using anhydrite as a source of sulphur 
dioxide and sulphuric acid. The conversion of calcium sulphite into sulphate 
and sulphide has been studied’ at different temperatures and shown to be very 
rapid at lime-burning temperatures. The data on the dissociation of calcium 
sulphate is somewhat variable, but the earlier measurements!’ are probably 
vitiated by traces of impurity; those of Zawadski!® and his associates, who 
approached equilibrium from each side, are consistent and probably reliable. 
They found the dissociation pressure to be only 2.4 mm. at 1,180 deg. C., rising 
to 47.5mm. at 1,370 deg. C. They also found that because of the reaction 
CaS + 2SO, = CaSO, + S, the result of long heating of lime in sulphur dioxide 
at 1,150 deg. C. was to change it completely into calcium sulphate free from 
sulphide. 

It is evident that the absorption of sulphur dioxide in a lime kiln is irreversible 
owing to the conversion of the sulphite to sulphate, and also that in a hot kiln 
there will be little sulphide left in the lime even if the atmosphere is not an oxidising 
one. The oxidation of calcium sulphide in the cooling zone (where oxygen is 
always present) must be slow because the author has found calcium sulphide in 
most samples of lime high in sulphur. 


The Compound of Water and Lime. 


Water or water vapour reacts with calcium oxide to produce calcium 
hydroxide, and the widely different properties of the hydroxide made with 
excess of water (lime putty) and that made with only sufficient water to produce 
a dry powder, or, still more, the product of hydration in steam, gave rise to the 
belief in the existence of one or more hydrates of calcium hydroxide. Herzfeld'® 
claimed to have made Ca(OH),.H,O, and his solubility curve of the hydroxide 
shows an inflexion at 60 deg. C., suggesting a transition point there. Karcz?° 
also thought he had made this hydrate by digesting lime with water at 60 deg. C. 

16 Forster and Kubel, Z. anorg. Chem., 139, 261 (1924); Bhatt and Watson, J. Indian 
Inst. Sc., 10A, 117 (1928). 

17 Budnikov and Syrkin, Chem. Zig., 47, 22 (1923) ; Machal, J. Chim. phys., 23, 38 (1926). 

18 Zawadski, Z. anorg. Chem., 205, 180 (1932) ; Zawadski and others, Roczniki Chem., 
5, 488 (1925) ; 6, 120, 236 (1926) ; 10, 501, 715 (1930); 12, 457 (1932). See also Schenc} 
and Jordan, Z. anorg. Chem., 178, 389 (1929). é 


19 Z. Ruovenzuck. Ind., 1897, 818. 
20 Chem. Ztg., 22, 38 (1898). 
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for several days, and Kosmann?! postulated the existence of hydrates up to 
Ca(OH),.7H,O in milk of lime. A considerable body of investigation®? has 
furnished contrary. results, and a research made especially to decide the point* 
failed to obtain hydrates by any of the methods claimed, and found no inflexion 
in the solubility curve at 60 deg. C. or any other temperature. Hiittig and 
Arbes*# found that calcium hydroxide precipitated by caustic potash has 
H,O : CaO ratios of between 1.08 and 2.13 according to the conditions of drying, 
but they all showed the X-ray spectrogram of Ca(OH),; Nogareda®> showed 
that the dehydration isotherms of calcium hydroxide containing much water 
afford no evidence of the existence of hydrates, that no hydrates are produced 
by evaporating lime water at 30 deg. C. or at 100 deg. C., or by other methods 
of preparation, and that the molecular volume of the water in a preparation of 
the composition Ca(OH),.H,O was much more than would be expected if the 
water were chemically combined. Further evidence is afforded by the work 
of Thorvaldson and Brown” and of Bassett.?? 

It may therefore be taken as proved that there are no hydrates of calcium 
hydroxide stable at ordinary temperatures ; nevertheless, calcium hydroxide as 
ordinarily prepared is hygroscopic. It has been observed,** for example, that 
pure calcium oxide placed over water in an evacuated vessel absorbed water 
rapidly until it had taken up between 11 and 15 per cent. (on the weight of the 
calcium oxide) in excess of the amount required to form Ca(OH),. All but a 
few tenths of one per cent. of this excess was removed in a vacuum dessicator 
over calcium oxide, but this last small amount was very firmly held. Hydroxide 
made by hydrating the same lime in an autoclave at 150 deg. C. was crystalline 
and had little excess water. Bassett?’ examined the relation between freshly 
slaked lime and the water-vapour pressure, and concluded from the isotherms 
that less than 0.5 per cent. of the extra water was firmly held, but that there are 
slight adsorption effects up to about 10 per cent. extra water, and Stettbacher?® 
found that 0.6 to 0.7 per cent. excess water was retained in a vacuum dessicator 
over phosphorus pentoxide after three days. 

The amount of excess water taken up by hydrated lime is doubtless a function 
of its active surface. By special methods of preparation large crystals of calcium 
hydroxide may be prepared and these have no affinity for water, and ordinary 
methods of preparation yield powders which range from those which can be 
seen under the microscope to consist of well-defined prisms and plates down to 
powders which appear to be and behave as though they were amorphous. 
Nevertheless, these seemingly amorphous powders give the same diffraction 
pattern with X-rays as the crystalline hydrates.2® Crystalline hydrates are of 


oe 


21 Der Loschkalk und der Kalkmilch, Berlin. 

22 Selivanov, J. Russ. Phys. Chem. Soc., 44, 1797 (1912) ; 45, 252 (1913) ; Tschoumanov, 
ibid., 44, 201 (1912) ; Bourdakov, tbid., 44, 1325 (1912). 

23 Haslam, Calingaert and Taylor, J. dm. Chem. Soc., 46, 308 (1924). 

*4 Z. anorg. Chem., 191, 161 (1930). 

25 Ann. soc. espan. fis. chim., 29, 33, 556 (1931) ; Rev. accad. cienc. Madrid, 26, 315 (1931). 

26 J. Am. Chem. Soc., 52, 80 (1930). 

27 J. Chem. Soc., 1934, 1270. 

28 Z. angew. Chem., 39, 1151 (1926). 
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little value for use in mortar because they resemble fine sand and the mortar 
is unworkable, and the active surface that retains water in the seemingly 
amorphous hydrates is intimately associated with the properties that are of 
value in a building hydrate. 


Volume Changes in the Hydration of Lime. 


When ordinary lime is hydrated it swells considerably and the powder or 
putty formed occupies a much greater volume than the original lime. Calcium 
hydroxide has a specific gravity of 2.24 and the oxide 3.30, but ordinary lime is 
porous and the apparent specific gravity seldom exceeds 1.6 unless it is overburnt. 
A kilogram of lime therefore occupies a volume of about 625 cc. After hydration 
thé weight is 1.32 kilograms, which at a specific gravity of 2.24 occupies 590 cc. 
Therefore there is room for lightly burnt lime to hydrate without expansion. 
The reason for the great increase in volume which ordinarily occurs is the low 
apparent density of the hydrate formed, due to the shape of the particles when 
it is a dry powder or to the high dispersion in the presence of excess of water. 
It is not generally realised, however, that lime can hydrate in another manner, 
with little or no increase in volume. 


A knowledge of this non-expansive hydration of one kind of lime is old. 
About the year 1850 Scott?® found that when heated over an ordinary fire lime 
lost the property of swelling and falling to a powder on wetting and, on grinding, 
acquired the property of setting, even under water. Faraday, asked for an 
opinion, decided that the change of behaviour was probably due to the formation 


of a sub-carbonate, and Scott included in his patent specification three methods 
of preparing the cement, namely, by partial calcination, by partial recarbonation, 
and by mixing lime with limestone or chalk. He afterwards found that the 
real cause of the behaviour was the presence of calcium sulphate derived from 
the fuel of his fire, and his later patent specified the admixture of calcium 
sulphate with a hydraulic or semi-hydraulic lime. Scott’s (or “‘selenitic’’) cement 
was used for many years, but it does not seem to have been realised that the 
non-expansive hydration which occurs when selenitic cement sets is in certain 
conditions common to all limes in the presence of calcium sulphate solution. 


The author has found that for lime to hydrate without swelling the reaction 
must take place in the presence of water containing calcium sulphate. As a 
corollary, the temperature must not exceed 100 deg. C. otherwise hydration 
occurs in steam with the usual swelling, and ordinarily a much lower temperature 
than 100 deg. C. is necessary to avoid local overheating. Indeed, it is possible 
that the reversion to normal hydration may occur at lower temperatures with 
some limes. The hydraulic limes liberate heat so slowly on hydration that the 
conditions are suitable for non-expansive hydration when sulphate is present. 
Pure limes behave in the same way if their activity is reduced by partial 
recarbonation or partial hydration, or if they are hydrated in a large excess o! 
cold water so that the temperature can rise only slightly. 





*° B.P., 735 (1854). 
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Pure limes may be changed to cements with an early strength at least as 
high as that of selenitic cement by partial carbonation or hydration, admixture 
with calcium sulphate, and fine grinding,®® but, like selenitic cement, their 
mortar strength is relatively poor and control of the setting time is unsatisfactory. 
The non-expansive hydration phenomenon is a cause of trouble in the slaking 
of limes burnt with fuel high in sulphur. The sulphur is absorbed mainly by the 
outside skin of the lumps of lime, which consequently tends to hydrate without 
swelling and to form lumps or particles which do not break up to a putty on 
soaking. It is also an explanation of the ‘“‘ drowning ’’ of lime on slaking, when 
it forms a gritty or lumpy, instead of a smooth, paste owing to the sudden addition 
of too much water. 


The Rate of Reaction of Lime and Water. 


The rate at which lime combines with water varies enormously. Lime may 
be prepared so reactive that it hisses when wetted and combines immediately, 
whilst an overburnt impure lime may remain wet for months or even years 
without combination at ordinary temperatures. It has always been known that 
the temperature of burning influenced the rate of slaking, but quantitative data 
have been available only recently and even now the information is meagre. 
Both the rate of hydration and the effect of temperature on that rate vary so 
greatly with different limes that data for one are of little value when considering 
another. 

The effect of temperature up to 1,200 deg. C. was investigated in 1906 by 
Orton and Peppel*! who found that up to 1,200 deg. C. it had relatively little 
effect on the time of slaking. Since then Bleininger and Emley,*? Haslam and 
Hermann,** Ray and Mathers,* and others*® have experimented on the influence 
of temperature of burning on the rate of hydration and on other properties. 
Bleininger and Emley used thirty-seven different limestones, heated to tem- 
peratures up to 1,300 deg. C. for a time approximating to that of a commercial 
burning process, but their results cannot be considered a very close guide to 
practical lime burning. They give the following limiting temperatures which 


should not be exceeded if overburning is to be avoided : 
Deg. C. 
Pure high-calcium limestone .. as a .. 1,300 or higher 
Impure high-calcium limestone as oe -. 1,050 to 1,150 
Pure magnesian limestone sr a aA .. 1,000 to 1,050 
Impure magnesian limestone .. si i aa g00 to 1,020 


Ray and Mathers, using a fairly pure oolitic limestone but with only rough 
temperature.control, found that time had much less influence than temperature, 
an increase from two to ten hours having about the same effect as an increase of 
50 deg. C. -Like Haslam and Hermann, they found that there is an optimum 
temperature of burning for the production of the best lime for a particular purpose ; 


30 Knibbs, B.P., 245, 935. 

3t Ohio Geol. Survey IV, Bull., 4, 298. 

82 T. Am. Ceram. Soc., 13, 618 (1911). 

83 J. Ind. Eng. Chem., 18, 960 (1926). 

3¢ Tbid., 20, 415 (1928). 

35 E.g., Budnikov and Syrkin, Chem. Zentr., 96, I, 349 (1925). 
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for example, the most plastic hydrates were formed from lime burnt between 
1,100 and 1,250 deg. C. The rate of hydration was found to vary little up to 
1,200 deg. C., but it decreased considerably between 1,200 and 1,300 deg. C., 
the highest temperature used. 

All these measurements are of somewhat limited value. On the one hand, 
they do not closely reproduce technical conditions and at best are only a rough 
approximation to one chosen technical procedure. On the other hand, the 
conditions of temperature, etc., were maintained within only wide limits and the 
method of measurement of the properties (e.g. of the rate of hydration) were 
somewhat crude, and different results would be obtained by changing the method. 
Exact measurements would be of greater technical value than these attempts 
on a laboratory scale to reproduce approximately technical conditions. 


: 
i 
F 


Temperature and time of burning are not the only factors influencing the 
rate of hydration of commercial limes, and frequently they are not even the most 
important. The combination with impurities introduced with the stone or with 
fuel, recarbonation in the kiln, absorption of sulphur dioxide, and the absorption 
of water vapour in the cooling zone or during storage, all reduce the rate of 
hydration. To understand the action of gaseous impurities and of water vapour 
it must be realised that ordinary lime contains surfaces of high activity which 
adsorb these gases and subsequently react with them. When ordinary. lime is 
mixed with water there is an immediate rise of temperature followed by a period 
of relative quiescence, after which the temperature begins to rise again. A typical 
time-temperature curve of ordinary pure commercial lime in a large excess of 
water (actually saturated lime-water is used to avoid solution effects) is shown 
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in Fig. 1, curve A. The portion ab of the curve is the initial adsorption rise, 
which is often of the order of 10 per cent. of the total rise of temperature ; bc 
represents the period of quiescence, when the reaction of the bulk of the lime is 
dormant and at ¢c the main reaction begins and increases in velocity to d and then 
slows down gradually, to be complete at about e. Curve B shows the usual 
effect of the subjection of this same lime to the action of carbon dioxide in the 
kiln (recarbonation), or to undue atmospheric moisture. The initial rise of 
temperature a’b’ is much less and the period of quiescence longer, but the 
shape of the c’d’e’ portion of the curve is not much changed. 


3.0 


2.0 


a 
s 
5 
: 
; 
e 


TIME - MINUTES 


Fig. 2. 


These curves represent lime hydrated in so much water that the temperature 
rise is not more than 2 deg. C., and hydration is therefore at nearly constant 
temperature. In ordinary hydration to a dry powder the curves are of the 
same type but are much steeper because the heat of reaction raises the temperature 
considerably and the rise of temperature accelerates the reaction. The initial 
instantaneous rise is then of considerable importance because it is capable of 
raising the temperature at once by 30 deg. C. or more in the dry hydration of 
an active lime, and therefore of greatly reducing the period of quiescence. 
If recarbonation or exposure has reduced the initial adsorption reaction the 
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instantaneous rise of temperature is correspondingly reduced and the period of 
quiescence increased so that the main hydration reaction starts much later. 

The form of the hydration curve varies with different limes and depends not 
only on purity but also on the physical characteristics of the lime which, in turn, 
depend on the limestone. In Fig. 2 the curves of two limes of almost identical 
chemical composition are shown, curve A being that of a pure limestone lime 
and curve B that of a pure white chalk lime, each burnt under laboratory con- 
ditions at 1,000 deg. C. for three hours. Hydration was carried out in lime 
water in a vacuum flask calorimeter at a starting temperature of 16 deg. C., 
using the lime from the calcination of 10 grams of carbonate and 552 grams of 
water. 

The hydration of lime is influenced by substances in solution in the water 
used, but there has not been a systematic investigation of the effect of such 
accelerators and retarders. Rohland** showed that hydration was accelerated 
by hydrochloric acid and aluminium, calcium and barium chlorides, nitric acid, 
acetic acid and sodium acetate, lactic acid, asparagine, and ethyl alcohol; and 
that it was retarded by boric acid, sodium and potassium hydroxides, potassium 
dichromate, acetaldehyde, glycerol, cane sugar, and dextrose. Chlorides are the 
best-known accelerators, but there are many others, including many organic 
compounds. Sulphates, in addition to their effect in changing the nature of 
the hydration, as already discussed, retard the reaction. 

The effect on the rate of hydration of additions of soluble salts or solutions 
to the carbonate before calcining has been investigated by White and True*? 
and in Japan,** and it has been shown that sodium salts in general retard 
hydration. The effect is of some importance because of the soda content of 
carbonate causticising sludges which are recalcined and because of the practice 
in France, Japan, and elsewhere of adding salt to lime kilns with the object of 
reducing fuel consumption. The effect of caustic alkalis added to lime before 
burning, or sintered with lime after burning, is mainly to delay the start of the 
reaction. The author has prepared lime containing a small percentage of 
sodium hydroxide which on the addition of water remained inert for about 
thirty minutes and then hydrated with the rapidity and violence of an extremely 
active lime. 


The ‘‘ Drowning ’”’ and ‘‘ Burning ’’ of Lime in Slaking. 


In the slaking of lime to a putty insufficient experience or care may result 
in a poor product due to two causes which are popularly called ‘‘ drowning ” 
and “ burning.”” In both instances instead of forming a smooth paste some of 
the lime changes to more or less hard lumps or particles which are valueless for 
most purposes. “‘ Burning ” of lime may also occur in hydrating it to a powder, 
the ‘‘ burnt ’’ pieces remaining as lumps unless they are pulverised mechanically. 
‘“ Drowning ”’ may also occur in hydrating to a powder, but only under exceptional 


36 Z, anorg. Chem., 21, 28 (1899). 
37 J. Ind. Eng. Chem., 17; 520 (1925). 
3* Sawai and Yoshioka, J. Chem. Ind. Japan, 26, 842 (1923). 
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circumstances. ‘‘ Drowning ’’ may occur with all limes, but is most likely to 
be encountered with one which slakes slowly, whilst ‘‘ burning ’”’ is confined to 
the relatively pure “hot” limes. The phenomena have been known from time 
immemorial but have not been investigated. 


There are probably two causes of “ drowning.” The first is the non-swelling 
hydration already discussed which is always liable to occur when too much 
water is added to a cool-slaking lime, because nearly all limes contain sufficient 
sulphate as impurity to induce that type of hydration in conditions most 
favourable to it. Secondly, when the initial temperature rise of a slow-slaking 
lime is dissipated by the addition of too much water the quiescent period may 
be so prolonged that for practical purposes the lime is “‘ drowned ”’ although it 
may ultimately hydrate in the normal manner. 


“Burning” is due to the development of excessive temperature in lime 
during hydration. It may occur in the interior of a lump or in a mass of lime 
and is due to hydration, or partial hydration, with insufficient excess water, or 
with insufficient admixture, to ensure the dissipation of the excess heat. It has 
been shown*® that lime hydrated by water vapour at a high temperature formed 
a relatively coarsely crystalline hydrate of inferior properties, but lime “ burnt ”’ 
in hydration is worse and contains granules and lumps. The author has found 
that if granular or lump lime is heated to 300 to 400 deg. C. (the limits were not 
observed) and water vapour passed over it, the vapour is absorbed without 
change in the granular or lumpy nature of the lime; that is to say, the lime 
is hydrated or partially hydrated without swelling. It was also found difficult 
or impossible to induce complete combination of lime and water vapour unless 
the lime was ground very finely. It therefore seems probable that exactly the 
same thing happens in “ burning,” namely, hydration by steam at elevated 
temperature, without swelling and disintegration of the lime particles or 
lumps, which do not subsequently change to a putty however long they may 
be soaked. 


— = 


8° E.g., by Whitman and Davis, J. Ind. Eng. Chem., 18, 118 (1926) and others. 
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Determination of Sulphur Occurring as Sulphide 


in Portland Cement. 
By HARRY A. BRIGHT. 


THE following is reprinted from the Journal of Research of the United States 
Bureau of Standards, February, 1937 : 


Among the minor constituents of certain Portland cements are small amounts 
of sulphides associated with compounds of manganese and iron. The manganese 
is usually in valence states higher than 2 and interferes with any determination 
of sulphides based on the amount of hydrogen sulphide evolved when a sample 


Heater 


Fig. 1.—Apparatus for the Determination of Sulphide-Sulphur. 


is dissolved in hydrochloric acid. Ferric iron, which is practically always present 
in Portland cements, likewise interferes. Sulphides and higher oxides of 
manganese in Portland cement may seem incompatible, but both may be present, 
particularly in blended cements. 


Watson! has recommended the use of stannous chloride to overcome the 
effect of ferric iron. Stannous chloride for this purpose was independently used 
at this Bureau in connection with an investigation on the reducing and oxidising 
constituents of cements. It was found that the addition of this salt also 
prevented interference by higher oxides of manganese. Titanous chloride and 
zinc dust were not as efficient as stannous chloride. 


1 Cement 5, 49 (1932). 
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Procedure. 


Transfer 5 g. of the sample to a dry 500-ml. flask and connect the latter as 
shown in Fig. 1. Place 15 ml. of an ammoniacal solution of zinc sulphate and 
285 ml. of distilled water in the tall-form beaker.2, Add ro ml. of water through 
the thistle tube, and shake the flask to wet the cement completely. Add 25 ml. 
of stannous chloride solution, shake several times to mix, and then add 65 ml. 
of diluted hydrochloric acid (10 + 3). Connect the inlet tube, pass a slow 
stream of air? through the system, and heat the flask and contents slowly until 
boiling ensues. Boil gently for 5 to 6 minutes, cut off the heat, and continue the 
passage of air for 3 to 4 minutes. Disconnect the delivery tube and leave it in 
the solution for use as a stirrer. Add 2 ml. of starch solution and then 40 ml. 
of diluted hydrochloric acid (1 +1). Titrate immediately with the iodate 
solution until a permanent blue colour is obtained. Subtract the blank obtained 
with the reagents alone, and calculate the percentage of sulphur. 


Ammoniacal Zinc Sulphate.—Dissolve 50 g. of ZnSO,4.7H,0 in 150 ml. of water 
and 350 ml. of NH,OH (sp. gr. 0.90). Let it stand 24 hours and filter. 


Stannous Chloride.-—To 10 g. of SnCl,.2H,O, in a small flask, add 7 ml. of 
diluted HCl (1 + 1). Warm gently until the salt is dissolved. Cool, and add 
95 ml. of water. This reagent should be made up daily as needed, as the salt 
tends to hydrolyse. 


Starch Solution.—To 500 ml. of boiling distilled water add a cold suspension 


of 5g. of soluble starch in 25 ml. of distilled water, cool, add a cool solution of 
5g. of NaOH in 5oml. of distilled water, then add 15g. of KI, and mix 
thoroughly. 


Potassium Iodate (0.03 N).—Dissolve 1.12 g. of KIO, and 12g. of KI in 
1,000 ml. of distilled water. Standardise by means of sodium oxalate through 
KMnO, and Na,S,O, as follows: To 300 ml. of water in a 500-ml. flask, preferably 
glass-stoppered, add ro ml. of hydrochloric acid (sp. gr. 1.18) and 1g. of KI. 
Cool, and add 25 ml. of 0.03N KMn0O, solution which has been standardised 
against sodium oxalate. Swirl gently, stopper, and let it stand for 5 minutes. 
Titrate the liberated iodine with thiosulphate solution (approximately 0.03N) 
until the colour nearly fades. Then add 2 ml. of starch solution and continue 
the titration until the blue colour is just destroyed. In another flask, repeat 
the experiment with the difference that 25 ml. of the iodate solution is substituted 
for the standard permanganate solution. The normality of the iodate solution 
is then found by dividing the volume of Na,S,O, solution required in the second 
titration by the volume required in the first, and multiplying by the normality 
factor of the KMnO, solution. One ml. of N KMnO, = 0.01603 g. of sulphur. 


2 For very small amounts of sulphides, an ammoniacal solution of CdCl, can be 
substituted, as the yellow CdS facilitates detection of traces of sulphides. 

3 Tests indicated that the substitution of hydrogen for air offers no advantages in this 
particular determination. 

4 If the absorbing solution has warmed up during the evolution, cool it to 20 to 25 deg. C. 
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Experimental Results. 


The accuracy of the procedure was tested on mixtures of CaO, MnO,, Fe,0O,, 
and an amount of ZnS approximately equivalent to the amount of sulphides 
that may occur in cements. Lime was used in these mixtures because an 
iron-free Portland cement was not available. The results obtained are given 
in Table 1. 


TABLE 1.—DETERMINATION OF SULPHIDE-SULPHUR IN SYNTHETIC MIXTURES. 


Sulphide-sulphur. 








ZnS | CaO. MnO, . Fe,O3. — — eas —————_——- 
| | Added (a). Found. 
g. | g. g. | g. g. g. 
0.0085 — | — — 0.00279 
0.0057 3.3 - - 0.0018, 0.0018, 
0.0052 a4 0.09 — 0.00179 ] 0.0010, 
0.0084 3.3 0.09 | = | 0.00275 0.00273 
0.0080 | a8 | 0.09 0.25 | 0.0026, 0.0026, 
0.0054 | 3.3 | 0.09 | - | 0.0017, (b) 
| 
| 





The procedure was also applied to several sulphide-bearing Portland cements 
of low manganese content, and to mixtures of these with a cement having a high 
manganese content. When treated with concentrated hydrochloric acid, 1 g. of 
this cement (A in the table) liberated 0.0c6 g. of chlorine per gram, which is in 
excess of what should be liberated if the manganese were all present in the 
trivalent state. If all of this chlorine should react with hydrogen sulphide 
(H,S + Cl, == 2HCl +S), it would destroy 0.0027 g. of “ sulphide’”’ sulphur. 
In tests with mixtures of zinc sulphide and the cement it was found that the 
amount actually destroyed in the evolution method (without stannous chloride) 
was approximately half the theoretical amount, or about 0.001 g. of “‘ sulphide ”’ 
sulphur per gram of the cement. 


The results obtained, together with those obtained in tests in which no 
SnCl, was used, were as follows : 


(a) Calculated on the basis of 99.6 per cent. ZnS. 


(b) None found ; no SnCl, added. 
Iodate ml. Sulphur (%). 


5 g. of cement A (0.72% Mn) ‘ ‘6 0.03 0.0003 
2 g. of cement B (5.0% Fe,O, ; 0.10% Mn) 5 ie 5.95 0.149 
2 g. of cement B + 3g. of cement 4 ae a be 5.98 0.150 
2 g. of cement B (no SnCl, added). . a ai Ke 1.23 0.031 
2 g. of cement C (5.3% Fe,O, ; 0.10% Mn) ae a 1.70 0.043 
2 g. of cement C + 3g. of cement A a a a 1.71 0.043 
2 g. of cement C (no SnCl, added) va 6 ar 0.78 0.020 
4 g. of cement D (0.3% Fe,O,3 ; 0.01% Mn) is sis 1.10 0.014 
4 g. of cement D + 3g. of cement A ¥ die es 1.18 0.015 


4 g. of cement D (no SnCl, added). . ee ie ° 0.40 0.005 
4 g. of cement D + 3 g. of cement A (no SnCl, added) .. 0.00 None 


